• Platelet-poor plasma clotting and fibrinolysis assays detect bleeding tendency in patients with factor XI deficiency.
Introduction
Factor XI (FXI) deficiency is a rare, autosomal disorder. Homozygous or compound heterozygous patients have severe deficiency (#15 IU/dL), whereas heterozygotes have partial deficiency (16-60 IU/dL). 1, 2 Spontaneous bleeding is rare; however, patients with all levels of FXI deficiency can present with bleeding following surgery or injury. Bleeding typically occurs at sites with high fibrinolytic activity (mouth, nose, genitourinary tract) and can also include heavy menstrual bleeding, intracerebral hemorrhage, and gastrointestinal bleeding. [1] [2] [3] [4] [5] [6] [7] [8] Interestingly, patients with comparable FXI antigen or activity exhibit variable bleeding tendencies even within families in which individuals share the same genotype. [3] [4] [5] [6] Many patients are asymptomatic even after trauma or surgery, whereas others report excessive bleeding. FXI antigen, FXI:clotting (FXI:C) activity, and activated partial thromboplastin time (APTT) do not correlate with hemorrhagic tendency. [4] [5] [6] 9 There is marked variability in the treatment of FXI deficiency worldwide; some physicians replace FXI in patients with severe deficiency only, whereas others treat all patients (severe and partial deficiency) with a significant bleeding history or unknown bleeding risk. Without tools to predict bleeding risk, FXI-deficient patients may be undertreated, increasing risk of hemorrhage, or overtreated, placing patients at risk of thrombosis (reported in some patients who have received FXI concentrate), volume overload (with fresh frozen plasma), transfusion-related acute lung injury, and development of FXI inhibitors (with both fresh frozen plasma and FXI concentrate). [10] [11] [12] Assays that predict bleeding risk and reveal hemostatic mechanisms in FXI-deficient patients would have high clinical value and may lead to new management strategies for FXI-deficient patients and individuals with other bleeding disorders.
Recent attempts to measure FXI deficiency and differentiate FXI-deficient bleeders and nonbleeders have focused on "global coagulation assays." Whole blood thromboelastography is sensitive to FXI, but fails to effectively distinguish bleeders from nonbleeders. [13] [14] [15] Thrombin generation assays have shown promise in detecting FXI deficiency and bleeding risk. 14, [16] [17] [18] Rugeri et al 16 detected prolonged lag times and reduced rates and peaks of thrombin generation in corn trypsin inhibitor (CTI)-treated plateletrich plasmas (PRPs) from bleeders vs controls or nonbleeders. Pike et al 17 compared thrombin generation characteristics in PRP and platelet-poor plasma (PPP) from a large cohort of FXI-deficient patients. They observed that thrombin generation measured in PPP, or PRP normalized to 150 3 10 9 /L platelets, differentiated bleeders from controls and nonbleeders, and found that thrombin generation in CTI-treated PRP is best suited to identify clinical bleeding phenotype in FXI-deficient patients. 17 However, thrombin generation assays require specialized substrates and fluorometers that are expensive and not widely available. In addition, platelet-based assays are particularly sensitive to preclinical variables including time from arm to assay and difficulty maintaining quiescent platelets during isolation; this is especially challenging when steps to normalize platelet count are incorporated into the protocol. 19, 20 Moreover, PRP is not amenable to transport between distal centers, limiting efforts to standardize and validate these assays.
Zucker et al 21 tested the ability of plasma clot formation and fibrinolysis assays to differentiate FXI-deficient bleeders from nonbleeders. These assays are performed with CTI-treated PPP, triggered by tissue factor (TF) and recalcification, and monitored by turbidity. In a small cohort of patients with severe FXI deficiency, bleeders exhibited reduced clot formation and significantly decreased resistance to fibrinolysis than did controls or FXI-deficient nonbleeders. 21 Because turbidity-based clotting assays can be performed using thawed, frozen PPP and widely available microplate spectrophotometers, these assays may be useful as predictive tools for identifying patients at risk for bleeding.
Herein, we measured clot formation, structure, and fibrinolysis in PPP from a large cohort of patients with severe or partial FXI deficiency. Our objectives were to: (1) validate the ability of clot formation and fibrinolysis assays to differentiate FXI-deficient bleeders from nonbleeders in an independent cohort of FXIdeficient patients, (2) test the sensitivity of these assays in patients with partial FXI deficiency, and (3) determine the value of contact pathway inhibition with CTI in these assays.
Materials and methods

Materials
CTI and rabbit lung thrombomodulin were from Haematologic Technologies, Inc. (Essex Junction, VT). Innovin (human TF) was from Siemens Healthcare Diagnostics (Newark, DE). Tissue plasminogen activator (tPA) was from Abcam (Cambridge, MA). Phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine were from Avanti Polar Lipids (Alabaster, AL). Large unilamellar phospholipid vesicles (41% phosphatidylcholine/44% phosphatidylethanolamine/15% phosphatidylserine) were made as described. 21, 22 AlexaFluor488-conjugated fibrinogen was from Molecular Probes (Eugene, OR).
Human subjects
Subjects were a subset of individuals from a previously described crosssectional study. 17 Briefly, subjects were 71 adults with FXI deficiency (FXI:C 0-60 IU/dL; supplemental Table 1 ) recruited from Manchester Royal Infirmary Haemophilia Centre. Controls were 50 healthy adults with no personal or family history of thrombosis or bleeding disorders and no relevant medications. All controls had normal APTT, prothrombin time, and fibrinogen and FXI:C levels. Regional research ethical committee approval was obtained for blood collection (#11/NW/ 0612), and all subjects gave written informed consent.
FXI-deficient individuals were characterized as nonbleeders or bleeders based on their experience with tonsillectomy and/or dental extraction performed before diagnosis of FXI deficiency (ie, without preoperative prophylaxis). Nonbleeders (N 5 48) were those who underwent uneventful procedures (no excessive bleeding). Bleeders (N 5 23) were those requiring blood product transfusion or return to surgery or dentist for resuturing or packing. Six patients (5 nonbleeders and 1 bleeder) underwent deciduous tooth extraction only; analysis was performed with and without these patients. Collectively, 57 patients had partial FXI deficiency (16-60 IU/dL, 42 nonbleeders and 15 bleeders, all heterozygous for FXI mutations) and 14 patients had severe FXI deficiency (#15 IU/dL, 6 nonbleeders and 8 bleeders, all homozygous for FXI mutations).
Clinical coagulation and clotting factor testing
Complete blood counts, FXI:C, APTT, prothrombin time, and fibrinogen were measured as described. 17 
Plasma preparation
Blood was collected by venipuncture using a 21G butterfly needle (Becton Dickinson Co, Plymouth, United Kingdom) into S-Monovette tubes containing 0.106 M trisodium citrate (1:9, volume-tovolume ratio) (Sarstedt, Leicester, United Kingdom), alone or into CTI (20 mg/mL, final concentration in whole blood) to minimize contact activation. The first 5 mL were discarded. PPP was prepared by centrifugation (3000g, 15 minutes, twice), aliquoted, and immediately frozen at 280°C.
final, respectively) in the absence or presence of tPA (0.5 mg/mL, final) or thrombomodulin (5 nM, final). Final reaction volumes were 100 mL (85% PPP) in 96-well plates. Clot formation and lysis were monitored for 2 hours by turbidity at 405 nm (SpectraMax 384Plus plate reader, Molecular Devices, Sunnyvale, CA) at room temperature.
The onset of clot formation was the time to the inflection point before turbidity increase. Clotting rate was the slope of a line fitted to the maximum rate of turbidity increase ("Vmax") using 5 to 10 points to determine the line (Softmax Pro 5.4, Molecular Devices). Time to plateau/peak (TTP) was the time to the turbidity plateau (absence of tPA) or maximum turbidity reached (presence of tPA). Peak turbidity change was the maximum clot turbidity less the starting turbidity. Area under the curve (AUC) was the sum of trapezoids formed by turbidity curves less a baseline established by the lowest measurement recorded (Kaleidagraph v4.5.0, Synergy Software, Reading PA). Lysis time was the difference between TTP and time the curve returned to baseline. For samples that did not clot, onset and TTP were recorded as 120 minutes, and Vmax, AUC, and lysis time were recorded as 0.
A subset of samples was not analyzed in the clot formation or fibrinolysis assays because of insufficient volume or lipemia that interfered with turbidity measurements. In total, 107 samples collected into CTI (49 controls, 40 nonbleeders, and 18 bleeders) and 118 samples collected in the absence of CTI (49 controls, 46 nonbleeders, and 23 bleeders) were analyzed.
Fibrin structure analysis
Plasmas were spiked with AlexaFluor488-congujated fibrinogen (80 mg/mL, final, 2.6% of total fibrinogen). Clots were formed with recalcified PPP, TF, and phospholipids (10 mM CaCl 2 , 1:30 000 dilution of Innovin, and 4 mM lipids, final, respectively) in Laboratory-Tek II chamber coverglass slides and imaged as described previously. 23 Fibrin density was quantified by summing individual sections to create Z-projections and thresholding to visualize fibers and minimize noise (ImageJ, version 1.41o). 23 The area covered by pixels above the threshold cutoff was determined using the ImageJ "Measure" function.
Statistical analyses
Descriptive statistics were summarized using means and standard deviations. Parameters were then compared between groups using Wilcoxon tests. A linear regression model was used to control for differences in FXI:C when comparing nonbleeders and bleeders. Receiver operating characteristic (ROC) analysis was used to assess the ability of individual and combined parameters to differentiate between groups. Logistic regression models were used to estimate the probability of the patient being a nonbleeder or bleeder, and the estimated probability was used to construct the ROC curve showing sensitivity and 1 minus specificity under different cutoffs of the estimated probabilities. Area under the ROC curve (AUROC) and 95% confidence intervals were calculated using the trapezoid method and Delong's variance estimator. AUROC values .0.800 were considered good predictors of the outcome. Analyses and hypotheses testing were performed using GraphPad Prism v7.0 and IBM SPSS Statistics 24. All statistical tests were 2-sided and P , .05 was considered significant. Briefly, complete blood counts did not differ between controls, nonbleeders, and bleeders. Compared with healthy controls, both nonbleeders and bleeders had reduced FXI and prolonged APTT. FXI:C was lower and APTT was prolonged in bleeders compared with nonbleeders; however, these differences did not differentiate bleeders and nonbleeders with adequate sensitivity and specificity (AUROC, 0.668 and 0.728, respectively; supplemental Table 2 ). The prothrombin time was slightly longer and fibrinogen was slightly higher in nonbleeders and bleeders compared with controls, but both prothrombin time and fibrinogen were in the normal range and did not differ between nonbleeders and bleeders.
Results
Clinical laboratory characteristics
Clot formation and fibrinolysis assays performed with CTI-treated plasmas differentiate FXI-deficient bleeders from nonbleeders
We first triggered clot formation in CTI-treated plasma samples from healthy controls and FXI-deficient patients by TF addition and recalcification and monitored clot formation by turbidity. Onset times to clot formation were prolonged nonsignificantly for bleeders compared with controls and nonbleeders ( Figure 1A ; Table 1 ). Compared with controls, both nonbleeders and bleeders had a significantly slower rate (Vmax) of clot formation, and bleeders had a slower Vmax than nonbleeders ( Figure 1B ; Table 1 ). Moreover, although controls and nonbleeders had similar TTP and peak turbidity changes, bleeders had prolonged TTP and decreased turbidity change ( Table 1 ) compared with either controls or nonbleeders. Differences in Vmax and turbidity change persisted even after controlling for the slight difference in FXI:C between nonbleeders and bleeders (Table 1) or omitting patients who had only undergone deciduous tooth extraction (data not shown). Vmax and peak turbidity change also differed between nonbleeders and bleeders when patients with severe FXI deficiency (#15 IU/dL) were excluded (Figure 1B-D; Table 1 ).
Compared with native clotting assays, assays performed in the presence of thrombomodulin showed prolonged onset time and TTP and reduced Vmax and peak turbidity change for all samples (Table 1) . Whereas clotting parameters were generally similar between controls and nonbleeders, bleeders had significantly longer onset times and TTP and reduced Vmax and peak turbidity change compared with controls. However, none of these parameters were significantly different from nonbleeders (Table 1) . Fewer plasma samples from bleeders were able to form clots in the presence of thrombomodulin (Table 1) . These data are consistent with findings in patients with severe FXI deficiency, 21 but suggest addition of thrombomodulin adds less differentiating ability in patients with partial deficiency.
To assess clot resistance to fibrinolysis, we triggered clotting in the presence of tPA and monitored clot formation and subsequent fibrinolysis as an increase and decrease in turbidity, respectively. Controls and nonbleeders had similar onset times, TTP, peak turbidity change, AUC, and lysis times, but nonbleeders had a significantly slower Vmax than controls ( Figure 2 ; Table 1 ). Compared with either controls or nonbleeders, bleeders had a significantly prolonged onset time and TTP, slower Vmax, decreased turbidity change and AUC, and shorter lysis times ( Figure 2 ; Table 1 ). Differences persisted even after controlling for FXI:C (Table 1) Table 1 ).
Collectively, these data are consistent with trends observed in the smaller cohort of patients with severe FXI deficiency, 21 but were now powered to reveal significant differences in clot formation and resistance to fibrinolysis in CTI-treated plasmas from FXI-deficient nonbleeders and bleeders. Furthermore, these data show these differences can be detected in patients with only partial FXI deficiency (16-60 IU/dL).
Fibrin network structure correlates with bleeding tendency
Differences in clot formation parameters indicate differences in fibrin network structure, 24 and plasma clots from bleeders with severe FXI deficiency have significantly reduced fibrin network density compared with controls or nonbleeders. 21 We triggered clotting in a subset of CTI-treated plasmas from controls and FXI-deficient nonbleeders and bleeders. Plasmas were selected conservatively based on results from the clot formation assays: samples that were able to form a clot and for which peak turbidity change was closest to the mean peak turbidity change for each group. Following clot formation, we quantified fibrin network structure as described. 21 Although fibrin network density in clots from controls, nonbleeders, and bleeders were not significantly different, clots from bleeders trended toward reduced density compared with controls or nonbleeders (1.76 6 0.29, 1.76 6 0.34, and 1.53 6 0.25 arbitrary units, respectively; P 5 .15 and .13 for bleeders vs controls and nonbleeders, respectively; Figure 3 ).
Plasmas collected in the absence of CTI show fewer differences between bleeders and nonbleeders
To determine the effect of CTI on these assays, we also performed the clot formation and fibrinolysis assays using plasmas collected in the absence of CTI. In spite of being triggered with the same TF concentration, plasmas collected in the absence of CTI clotted faster (shorter onset times and TTP and higher Vmax) than CTItreated plasmas, and almost all plasmas were able to form clots Tables 1 and 2 ). These observations indicate the contact pathway has a substantial effect on overall procoagulant activity, even in plasmas with reduced FXI.
Compared with controls, plasmas from FXI-deficient patients (both nonbleeders and bleeders) had significantly prolonged onset times, decreased Vmax, and prolonged TTP in both the absence and presence of thrombomodulin and tPA ( Figure 4A -C, Table 2 ). However, in contrast to CTI-treated plasmas, in the absence of CTI, only Vmax and TTP differed significantly between bleeders and nonbleeders ( Figure 4 ; Table 2 ). Moreover, effects were reduced or lost when controlling for FXI:C and when patients with severe FXI deficiency were excluded ( Figure 4 ; Table 2 ). These findings suggest contact inhibition with CTI enhances differences in plasma clotting potential between FXI-deficient bleeders and nonbleeders.
ROC analysis reveals parameters that associate with bleeding tendency in FXI-deficient patients
Given significant differences between clotting and fibrinolysis parameters in FXI-deficient nonbleeders and bleeders, we then used ROC analysis to determine overall sensitivity of these parameters to bleeding tendency. In CTI-treated plasmas, the Vmax had a good ability to distinguish bleeders from controls (AUROC, 0.807), but less ability to distinguish bleeders from nonbleeders (AUROC, 0.756; Table 3 ). In the presence of thrombomodulin, no parameters were effectively able to distinguish groups. In fibrinolysis assays, Vmax, peak turbidity change, and AUC had very good ability to differentiate bleeders from controls (AUROC, 0.898, 0.849, and 0.824, respectively); Vmax also differentiated bleeders from nonbleeders (AUROC, 0.800; Table 3 ). In the absence of CTI, several parameters were excellent at differentiating bleeders from controls (AUROC, .0.900); however, no parameters differentiated bleeders from nonbleeders (Table 3) .
We also compared combinations of individual parameters with the highest AUROC values to identify a model with optimal sensitivity to bleeding tendency. Consistent with the apparent role for contact pathway inhibition in this assay, AUROC values were lower when using parameters from assays lacking CTI (Figure 5A -B; Table 4 ). Combining APTT with the CTI-treated plasma clot formation rate from fibrinolysis assays (Vmax tPA ) increased the AUROC from 0.728 to 0.839 (model 1; Figure 5A ; Table 4 ). Combining APTT, Vmax tPA , and AUC from fibrinolysis assays (AUC tPA ) further increased the AUROC to 0.860 (model 2; Figure 5A ; Table 4 ). Although the increases in AUROC did not reach significance, likely because of the sample size, the trends indicate model 2 has good-to-excellent ability to detect FXI-deficient bleeders. Importantly, model 2 demonstrated increased sensitivity and specificity for distinguishing nonbleeders and bleeders compared with FXI:C alone (AUROC, 0.860 vs 0.668, respectively, P , .05).
Using an optimal cutoff probability (25%) for detecting bleeding tendency by negative likelihood ratios, model 2 provides excellent sensitivity (0.944) and fair specificity (0.710) for detecting FXIdeficient bleeders, with positive and negative predictive values of 0.607 and 0.964, respectively. Thus, integrating APTT with 2 parameters from fibrinolysis assays in CTI-treated PPP (Vmax and AUC) identifies most FXI-deficient patients at risk for bleeding.
Discussion
Zucker et al 21 previously tested the ability of plasma clot formation and fibrinolysis assays to distinguish FXI-deficient bleeders from controls and nonbleeders. In that small cohort of patients with severe FXI deficiency (average, ;3 IU/dL FXI:C), several parameters were identified for which controls and nonbleeders had similar characteristics, but for which bleeders demonstrated impaired clotting characteristics. Findings from the current study validate and extend this work in important ways. First, our findings are now powered to reveal both parameters associated with FXI deficiency and parameters that are specifically and significantly associated with the bleeding phenotype. The ability to differentiate these parameters refines our understanding of the role of FXI in clot formation and hemostasis. Second, our data demonstrate the sensitivity of these assays to bleeding not only in patients with severe FXI deficiency, but also in patients with partial FXI deficiency. This advance broadens the potential utility of this assay to a population of FXI-deficient patients that are difficult to assess. Third, our results show CTI enhances sensitivity to differences between bleeders and nonbleeders. This finding advances the clinical development of this assay as a predictive tool and may also reveal mechanisms that promote bleeding in FXI-deficient patients.
The clinical observation that bleeding risk is independent of FXI antigen or activity suggests an independent factor modifies the . For personal use only on January 29, 2019. by guest www.bloodadvances.org From impact of FXI deficiency on hemostasis. That differences between bleeders and nonbleeders can be detected in PPP in vitro suggests this modifier is present in plasma and does not require platelets or other vascular cells. Moreover, findings that differences can be detected in both thrombin generation 14, [16] [17] [18] and clot formation (Zucker et al 21 and present data) assays in the absence of fibrinolytic enzymes argue against a solely fibrinolytic-based mechanism. The identity of the modifying protein or activity in plasma remains unclear; however, there are several possibilities. First, FXI(a) cleaves factors IX, X, V, and VIII. 25, 26 Differences in these proteins may alter the ability of small amounts of FXI to promote thrombin generation. Previous studies have not detected differences in the levels of these proteins between bleeders and nonbleeders, but potential polymorphisms that may alter their functions have not been investigated. Second, contact pathway inhibition with CTI increases sensitivity of these assays to the clinical phenotype. When reactions are triggered with low TF in the presence of CTI, FXI activation is restricted to thrombin-mediated feedback mechanisms initiated by the extrinsic pathway. 27 Thus, proteins within the TF pathway may modify the effect of FXI on clot formation and, consequently, bleeding risk. It has been speculated that some individuals have more robust factor VIIa/TF activity that reduces the impact of FXI deficiency. 28 Because our assays were triggered with exogenous TF, differences in clot formation and fibrinolysis likely do not stem from TF activity directly, but may reflect differences in other proteins within, or activated by, this pathway. In addition, proteins that modify thrombin-mediated activation of FXI may become particularly important when FXI is low. Although polyphosphate can enhance this reaction, 29 polyphosphate is labile and likely not present in frozen and thawed PPP; however, other activities may modify FXI activation or activity in plasma. It remains unclear whether 1 or a combination of these mechanisms modifies clot formation and bleeding risk in these patients.
Although determinants of bleeding can be detected in the absence of fibrinolysis, bleeding in FXI-deficient patients tends to occur at sites with high fibrinolytic activity. Reduced FXI leads to diminished thrombin generation, resulting in a reduced rate of fibrin formation, reduced activation of the thrombin-activatable Values show AUROC and 95% confidence intervals. 21, [30] [31] [32] [33] [34] [35] We observed enhanced sensitivity to bleeding phenotype in the presence of tPA, suggesting a fibrinolytic challenge augments the coagulation defect in these patients. Colucci et al 36 detected both thrombin-dependent and thrombinindependent thrombin-activatable fibrinolysis inhibitor resistance in FXI-deficient plasmas. This activity, which was not identified, may differ between bleeders and nonbleeders and also contribute to the bleeding phenotype.
Development of plasma clotting assays that can identify patients with bleeding risk has important implications. First, an assay that enables prospective identification of FXI-deficient patients with bleeding risk may improve the standard of care of patients facing surgery by reducing bleeding incidence, as well as thrombotic complications. 7, [10] [11] [12] 37 Second, in contrast to thrombin generation assays, clotting assays are less expensive and do not require a fluorometer or specialized software to analyze data. Thus, the accessibility of this technique increases its potential use across centers. Third, the ability to perform these assays with PPP reduces preclinical variables associated with platelet isolation and standardization, and enables shipment of frozen samples between centers for analysis and standardization. Fourth, fibrinolysis assays are sensitive to antifibrinolytic drugs, which may permit prospective dose optimization for individual patients and reduce unnecessary exposure to antifibrinolytics. 38 Finally, because FXI deficiency is associated with decreased venous thromboembolism risk, 8 there is substantial interest in FXI reduction strategies to reduce venous thromboembolism in at-risk patients. FXI knock-down has demonstrated efficacy in studies with nonhuman primates and with human patients undergoing elective total knee arthroplasty. 39, 40 Although limited experience suggests FXI deficiency does not increase bleeding risk after orthopedic surgery, 7 FXI antagonism may increase bleeding in patients undergoing procedures involving the oropharynx or urinary tract or in women at risk for menorrhagia. An assay that can identify individuals with increased bleeding risk may be used in strategies to individually tailor anticoagulation therapy. Thus, our assay, which demonstrates high sensitivity for bleeding risk, may be useful in these clinical situations.
Our study has several advantages, including the large cohort that includes patients with severe and partial FXI deficiency, and defined criteria for characterizing patients as nonbleeders or bleeders based on personal history of bleeds. The study also has limitations. First, we lacked power to assess the effect of genotype on bleeding or investigate possible genomic modifiers of FXI deficiency on clot formation. Population-dependent differences in heterozygote frequencies 41 may mediate FXI:C and phenotype in these patients. However, because the current study using a British cohort replicated findings previously noted in Israeli patients, 21 the data suggest bleeding phenotype can be predicted from biochemical coagulation mechanisms and do not require genetic information. A second limitation stems from potential difficulties standardizing turbidity assays between laboratories. As with thrombin generation assays, 19, 20 clotting assays are affected by preanalytical variables and show relatively high assay variability. Now that clinically relevant conditions have been identified, efforts are ongoing to optimize these assays and minimize variability. For example, because CTI is consumed during contact activation, higher concentrations of CTI might further enhance sensitivity of this assay. PPP-based turbidity assays circumvent challenges associated with the use of platelets and therefore may be more readily standardized than other methods. Third, adoption of these assays for clinical use requires availability of an affordable CTI-containing blood collection tube, which is currently lacking. Finally, although our data suggest combining parameters (APTT1Vmax tPA 1AUC tPA ) provides better sensitivity and specificity for detecting bleeders than FXI:C, prospective analysis is needed to compare this model with current standard of care for estimating bleeding risk in FXI-deficient patients.
In summary, we have demonstrated the ability of turbidity assays to detect abnormal plasma clot formation and resistance to fibrinolysis in CTI-treated PPP from FXI-deficient patients. These assays are accessible and inexpensive and could be readily translated to clinical use. Finding that these assays have the potential to differentiate bleeding tendency not only in patients with severe 21 . For personal use only on January 29, 2019. by guest www.bloodadvances.org From but also partial FXI deficiency extends the application of this assay to a much larger, and difficult-to-manage, population. Additional work is necessary to identify the plasma determinants of clot formation and stability in FXI-deficient patients and characterize the relative contributions of abnormal clot formation and fibrinolytic susceptibility to bleeding risk.
